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Introduction
============

Apoptosis is a highly ordered form of programmed cell death crucial for tissue remodelling, homeostasis and the development of multicellular organisms \[reviewed in [@b1], [@b2]--[@b4]\]. In contrast to necrosis, a form of cell death which is associated with inflammation, apoptosis selectively eliminates abnormal, infected or aged cells without affecting neighbouring tissue.

There is a constant balance between cell death and cell renewal in healthy tissues. However, once the balance is shifted towards the latter and apoptosis is carried out inadequately, cancer may develop. Tumour cells are hallmarked by their ability to escape apoptosis and replicate in an uncontrolled fashion even though their DNA is damaged. Consequently, these malignantly transformed cells carry the potential to proliferate in an unlimited and unregulated fashion.

Apoptosis can be induced by the intrinsic pathway characterized by the involvement of mitochondrial dysfunction and the extrinsic pathway associated with death receptor stimulation on the cell surface. These death receptors belong to the tumour necrosis factor receptor (TNFR) superfamily, with TNF-R1, CD95 (APO-1, Fas), TNF-related apoptosis-inducing ligand (TRAIL)-receptor 1 (TRAIL-R1, DR4) and TRAIL-R2 (APO-2, DR5, KILLER, TRICK2) being the most prominent members of this subfamily. Since the discovery of this class of receptors new strategies in cancer therapy aim to induce apoptosis of tumour cells by the activation of death receptors. Although stimulation of TNF-R1 and CD95 have been shown to be highly efficient in the killing of tumour cells, systemic treatment with TNF or CD95L or agonistic antibodies to their receptors entailed severe side effects due to induction of severe inflammatory conditions in the case of TNF and of apoptosis in normal cells in the case of CD95L \[[@b5]--[@b10]\]. New approaches targeting TNF-R1 and CD95 specifically on tumour cells have recently been devised; yet, such cell-specific receptor-targeting therapeutic strategies, albeit potentially very powerful, still await clinical proof of concept.

With the discovery of TRAIL (Apo2L) \[[@b11], [@b12]\] and its two apoptosis-inducing receptors TRAIL-R1 \[[@b13]\] and TRAIL-R2 \[[@b14]--[@b18]\] a new potential opportunity for death receptor targeting arose. For reasons that are still not understood, cancer cells are more susceptible than normal cells to apoptosis induction by TRAIL. Consequently, TRAIL-receptor triggering selectively eliminates cancer cells without life-threatening toxicity *in vivo*\[[@b19]\]. Further studies demonstrated that a combination of TRAIL with a wide range of chemotherapeutics or irradiation even acts syner-gistically in the killing of tumour cells. Importantly, this can be achieved in the absence of any overt additional side effects \[[@b20]\]. Thus, the efficiency and safety of several TRAIL-receptor agonists for the treatment of a variety of human tumours with and without chemotherapy are currently being investigated in phase I and II clinical trials.

In this review, we will describe different approaches of death receptor-targeting therapies, the side effects associated with them and the current state of clinical trials with a variety of death receptor agonists.

Death receptor signalling
=========================

Within the TNFR superfamily, six death receptors are currently known in human beings: CD95 (Fas, APO-1), TNFR-1 (p55, CD120a), TRAMP (APO-3, DR3, WSL-1, LARD), TRAIL-R1 (DR4), TRAIL-R2 (DR5, APO-2, KILLER, TRICK2) and DR6 (TR-7). All these receptors are cell surface cytokine receptors that can induce apoptosis after being crosslinked by their respective ligands or receptor-specific agonistic antibodies (see [Fig. 1](#fig01){ref-type="fig"}). Death receptors are type-I transmembrane proteins with an N-terminal extracellular domain responsible for binding to the cognate death ligand and a C-terminal intracellular portion that serves to transmit the death signal to the cell\'s interior. Two to four characteristic cysteine-rich repeats in the extracellular domain confer significant homology to all death receptors. The presence of these cysteine-rich repeats accounts for their TNFR superfamily membership. In addition, death receptors share a highly conserved death domain (DD), a 60 to 80 amino acid long sequence in the cytoplasmic region which is instrumental in triggering the intracellular death machinery \[[@b21]\].

![The six currently known death receptors and their respective ligands. All receptors contain several cytokine-rich domains (green) that are responsible for binding to the respective ligands. Following the transmembrane domain, the cytoplasmic region of each receptor pocesses a death domain (red) that is responsible for apoptosis induction.](jcmm0012-2566-f1){#fig01}

Death receptors are activated upon binding of their respective ligands. These ligands are type II transmembrane proteins that form a subfamily of the TNF superfamily of cytokines referred to as death ligands. They either occur in a membrane-embedded form or as soluble ligands after being cleaved by metalloproteases \[[@b22]\]. Based on protein crystallographic experiments, it is widely assumed that ligand trimers bind to pre-assembled di- or trimeric receptor complexes that are not yet capable of transmitting a death signal, but are already connected *via* their pre-ligand assembly domain \[[@b23]\]. As measured by fluorescence resonance energy transfer, ligand binding induces a conformational change in the pre-assembled receptor complex \[[@b24]\] to facilitate downstream signal transduction. Upon receptor oligomerization, the intracellu-lar DDs are juxtaposed. The structural changes associated with this create a structure that allows adaptor proteins to bind *via* their DD to the death receptor, a prominent example being the Fas-associated protein with DD (FADD, MORT-1). Most of the adaptor proteins do not possess any enzymatic activity themselves but rather serve as linkers to recruit caspases (*e.g.* caspase-8), the main executioners of apoptosis. This recruitment occurs *via* the death-effector domain (DED), which is present in both, FADD and caspases 8 and 10. Recruitment of caspases to the receptor-associated protein complex results in the formation of the death-inducing signalling complex (DISC), first described for the CD95 receptor complex in 1995 \[[@b25]\]. The DISC contains active caspases which subsequently trigger a caspase cascade by activation of effector caspases, *e.g.* caspase-3, caspase-6 and caspase-7 \[[@b26]\]. *Bona fide* DISC-associated initiator caspases are caspase-8 and caspase-10, respectively.

During the process of apoptosis signalling, the receptor complex is internalized but it is still heavily contested whether this internalization step is an essential prerequisite for successful transmission or whether it may serve to attenuate the death-promoting signal \[[@b27]\].

Besides this extrinsic apoptotic pathway triggered by receptor stimulation, cell death signalling can also be induced or further potentiated by mitochondrial changes. Accordingly, the mitochon-drial pathway is activated by various stimuli, including DNA damage, growth factor withdrawal or cytokine deprivation \[[@b28]\]. DNA damage for instance activates p53, which subsequently induces the expression of the BH3-only proteins Puma and Noxa. Puma and Noxa then inhibit the anti-apoptotic proteins Bcl-2 and Bcl-X~L~, thus allowing the pro-apoptotic molecules Bax and Bak to multi-merize and to insert into the mitochondrial membrane. Although the exact mechanism is not elucidated yet, Bax/Bak multimeriza-tion triggers the release of several proteins from the intermem-brane space into the cytoplasm, including cytochrome *c*, Smac/DIABLO and HtrA2/Omi \[[@b29]\]. Smac/DIABLO and HtrA2/Omi block the activity of different inhibitor of apoptosis proteins (IAPs) \[[@b30]\]. In the cytosol, cytochrome *c*binds to the apoptotic protease-activating factor-1 (Apaf-1), a cytosolic protein that contains a caspase-recruitment domain and a nucleotide-binding site. Apaf-1/cytochrome *c* interaction increases the affinity of Apaf-1 for dATP. Binding of dATP triggers a conformational change in Apaf-1 as the caspase-recruitment domain becomes exposed, which subsequently results in the recruitment of procaspase-9 and the formation of a protein complex referred to as the apoptosome \[[@b31]\]. Recruitment of caspase-9 to the apoptosome activates this protease, which is then also processed by autocatalytical cleavage. Subsequently, caspase-9 cleaves and thereby activates downstream effector caspases, among them caspase-3 and caspase-7 which then cleave various substrates leading to the characteristic morphological changes associated with apoptosis \[[@b32]\].

The signalling events downstream of the DISC are dependent on the cellular context. In type-I cells, the DISC is able to introduce strong caspase-8 activation that is followed by rapid activation of caspase-3. This process cannot be blocked by overexpression of the anti-apoptotic proteins Bcl-2 and Bcl-X~L,~ suggesting that in type-I cells the activation of executioner caspases is independent of apoptotic events at the mitochondria. In contrast, overexpres-sion of Bcl-2 and Bcl-X~L~ is sufficient to block death receptor-induced apoptosis in type-II cells, indicating that apoptotic events at the mitochondria are essential for death receptor-mediated apoptosis in type-II cells \[[@b33]\]. As DISC formation is strongly reduced in these cells, lower levels of active caspase-8 are generated that are not sufficient to directly activate caspase-3. The interconnection between the extrinsic and intrinsic mitochondrial pathway is provided by caspase-8. Once activated at the DISC, caspase-8 cleaves the BH3-only protein Bid into its truncated form tBid. This 15-kD fragment then exposes its BH3 domain, thereby facilitating an effective interaction with Bax/Bak at the mitochondria to allow for the release of pro-apoptotic proteins.

As unwanted cell death has to be avoided, death receptor signalling is tightly controlled at several levels. An important regulatory protein is the cellular FLICE (caspase-8)-inhibitory protein, cFLIP. The cFLIP protein has two DEDs that facilitate binding to the DED of FADD, thereby inhibiting the activation of caspase-8. Three different splice variants of cFlip exist referred to as cFLIP~L~, cFLIP~S~ and cFLIP~R~\[[@b34]\]. cFLIP~L~ comprises two DEDs and a caspase-like domain, therefore, closely resembling caspase-8. However, due to several amino acid exchanges in the domain which corresponds to the active site of caspase-8, cFLIP~L~ lacks catalytic activity. It does not completely block pro-caspase-8 recruitment. The DED of pro-caspase-8 and cFLIP~L~ compete for binding to the DED of FADD. Their ratio, Hsp90-mediated trafficking and other processes affect this competition, which determines how much pro-caspase-8 versus cFLIP~L~ is recruited to FADD. cFLIP~L~ interferes with the full maturation of DISC-recruited caspase-8 as it inhibits the generation of the active 10- and 18-kD fragments, which are responsible for the transmission of the death signal. Interestingly, a heterodimer of caspase-8 and cFLIP~L~ has been shown to exert stronger caspase-8 activity than a homodimer of caspase-8 *in vitro*. This result indicates that cFLIP~L~ may not only inhibit apoptosis but may also exhibit pro-apoptotic functions under certain conditions \[[@b35]\]. In contrast, cFLIP~S~ and the closely related cFLIP~R~ seem to exclusively inhibit procaspase-8 activation by competitively inhibiting its recruitment to and activation at the DISC \[[@b34]\].

Other proteins that negatively regulate the activity of initiator and effector caspases belong to the IAP family. Amongst these, XIAP is known to inhibit the autocatalytic activation of caspase-3, therefore preventing a further transmission of the death signal and consequently apoptosis. However, release of Smac/DIABLO from the mitochondria is in turn able to bypass the blockade mediated by XIAP and allow the apoptotic signal to continue \[[@b36]\]. In certain type II cell lines, this process may be more important for the execution of apoptosis than the previous reported weaker DISC formation \[[@b33]\].

Taken together, apoptosis is a complex process regulated and controlled at various stages by a complex protein machinery in order to allow targeted cell death of aged, transformed or infected cells without affecting neighbouring tissue. However, recent evidence has also suggested that TRAIL-R and CD95 signalling does not exclusively result in cell death but rather induce non-apoptotic signalling resulting in proliferation and/or migration \[reviewed in [@b37]\].

TNF-R1 signalling
=================

The TNF was the first member of the TNF superfamily detected more than 30 years ago. Its name originates from its cytotoxic effects on several tumour cell lines and the induction of tumour necrosis in various animal models. TNF is able to bind to the two receptors referred to as TNF-receptor 1 (TNF-R1) and TNF-receptor 2 (TNF-R2), which are also known to interact with LTα and LTβ\[[@b38]\]. As only TNF-R1 possesses a DD, the current view in the field is that TNF triggers apoptosis only upon binding to TNF-R1. However, TNF-R1 engagement does not necessarily cause cell death. In fact, TNF-R1 signalling does not induce apoptosis in most cell types unless protein biosynthesis is blocked. This is due to the predominance of the non-apoptotic signalling arm induced by TNF in cells under normal circumstances. TNF has been shown to induce the production of pro-inflammatory cytokines, cell proliferation and differentiation \[[@b39], [@b40]\].

TNF binding to TNF-R1 allows for the adaptor protein TRADD to bind through an interaction of the two proteins\' respective DDs. This creates a docking station for further signalling molecules, namely RIP and TRAF-2, forming a complex referred to as complex I. Under apoptotic conditions, a second intracellular complex referred to as complex II is formed. Although the exact mechanism is not elucidated so far, Micheau and Tschopp suggested that FADD substitutes TRADD, therefore allowing the complex to dissociate from the membrane \[[@b41]\]. Subsequently, caspase-8 is recruited to complex II, resulting in its activation and transmission of the apoptotic signal.

As stated above, in most cases the outcome of TNF-R1 signalling is not apoptosis but rather the activation of pro-survival pathways. A pivotal role in this pathway is played by TRAF-2. TRAF-2 is recruited to the TNF-R1 complex *via* RIP and interferes with apoptosis by two interconnected mechanisms \[[@b42]\]. First, TRAF-2 recruits cIAP-1 and cIAP-2 into the signalling complex, in which the cIAPs inhibit caspase-8 processing. Secondly, TRAF-2 triggers the MAP-kinase cascade leading to the activation of JNK, which in turn activates the transcription of TNF-responsive genes. In addition, TRAF-2 can also induce the translocation of NF-KB into the nucleus thereby initiating the transcription of its targets genes \[[@b43]--[@b45]\].

CD95 signalling
===============

The binding of CD95 ligand (CD95L) to its cognate receptor CD95 is the best-characterized system leading to apoptosis. In addition, decoy receptor 3 (DcR3) was described to also bind to and neutralize CD95L, thereby preventing apoptosis induction \[[@b46]\]. However, the physiological importance of this interaction is less clear.

CD95 is ubiquitously expressed, though predominantly in the thymus, liver, heart, kidney and in virus-transformed lymphocytes. In contrast, CD95L expression is very restricted. It is primarily expressed by activated T cells, in which it has been shown to be the mediator of activation-induced cell death \[[@b47]\]. Accordingly, deregulation of the CD95 system, as in ALPS (autoimmune lym-phoproliferative syndrome) patients carrying a heterozygous mutation in the CD95 gene, is characterized by the incapability to shut down an immune response. As activated T cells are not eliminated but remain rather active, autoimmune reactions against self-antigens develop \[[@b48]\]. In addition, the CD95L/CD95 system is also capable of killing virus-infected and oncogenically transformed cells.

CD95 and CD95L are mostly expressed as membrane bound proteins, although a soluble form of both the receptor and the lig-and has been reported. The exact role of soluble CD95 and CD95L is still unclear. However, soluble CD95 is thought to counteract CD95-induced apoptosis, whereas soluble CD95L, generated by metallo-protease-mediated cleavage has been shown to either possess killing activity \[[@b49]\] or to act as an inhibitor of membrane-bound CD95L \[[@b50]\]. As described before and illustrated in [Fig. 2](#fig02){ref-type="fig"}, CD95 ligation results in DISC formation and subsequent activation of caspase-8 and -10, which then transmit the apoptotic signal. Although both caspases are processed with similar kinetics, cas-pase-10 cannot functionally substitute for caspase-8 \[[@b51], [@b52]\].

![The extrinsic and intrinsic apoptotic pathway.](jcmm0012-2566-f2){#fig02}

TRAIL-R signalling
==================

The TRAIL was identified in a screen based on sequence homol-ogy with CD95L \[[@b11], [@b12]\]. However instead of binding to CD95, TRAIL has been shown to bind to five different receptors \[[@b37]\]. Of these, only TRAIL-R1 and TRAIL-R2 are able to induce apoptosis due to the presence of an intracellular DD (see [Fig. 1](#fig01){ref-type="fig"}). Although they share about 51% sequence homology and are similarly expressed on most human tissues as well as in tumour cell lines \[[@b53]\], it is still unclear which different functions are carried out by these two receptors. TRAIL-R3 and TRAIL-R4 are generally referred to as decoy receptors \[[@b54], [@b55]\]. Their extracellular domains are highly homologous to the ones of TRAIL-R1 and TRAIL-R2, but due to a complete or partial lack of a DD in TRAIL-R3 and TRAIL-R4, respectively, they are unable to transmit a death signal.

It is still a matter of debate whether TRAIL-R3 and TRAIL-R4 act as decoy receptors. So far, a decoy function has almost exclusively been demonstrated in overexpression systems whereas evidence in a more physiological setting is rare. This suggests that even if there is a decoy function of these receptors in some cell lines it is quite unlikely that a decoy function for TRAIL would be a broadly applicable phenomenon and function for TRAIL-R3 and -R4 as has been suggested by some early studies with these receptors.

Osteoprotegerin is the fifth receptor binding to TRAIL, which also binds to the osteoclast differentiation factor \[[@b56]\]. As osteo-protegerin is a soluble molecule, this receptor can only act as a decoy receptor for TRAIL \[[@b57]\]. However, its physiological relevance with respect to TRAIL inhibition remains to be determined whereas its role in bone-morphogenesis by inhibiting the RANKL/RANK interaction is well documented \[[@b58]\].

Despite the vast difference in toxicity between CD95L and TRAIL, the basic apoptosis machinery for TRAIL-R1 and TRAIL-R2 is very similar to the one described earlier for CD95, *i.e.* DISC formation by recruitment of FADD and subsequent recruitment and activation of pro-caspases 8 and 10. Although TRAIL triggers the extrinsic apoptotic pathway in a way similar to CD95L, systemic application of both death ligands results in opposing effects concerning toxicity. Thus, the mechanisms regulating the basic apoptosis machinery must be quite different between the CD95 and the TRAIL-receptor system.

Although TRAIL-R signalling leads to apoptosis in most cases, a pro-survival function for TRAIL stimulation has only recently been described. Here, NF-~κ~B, JNK and MAPK signalling are supposed to play a major role \[reviewed in [@b37]\]. However, the exact mechanisms and conditions required to transmit pro-survival signals upon TRAIL-R are just on the way to be investigated.

Targeting death receptors in cancer therapy
===========================================

To date many of the classical cytotoxic drugs used in chemotherapy kill cells by causing apoptosis induced by, *e.g.* DNA damage.

Unfortunately, many tumour cells are incapable of inducing apop-tosis on their own due to frequent mutations in intracellular sensor molecules such as p53, which makes them resistant to therapy. In contrast to this, for the targeting of death receptors, the mutant state of these intracellular sensors is less relevant, as apoptosis is directly induced *via*death receptors. Therefore, death receptor targeting represents a feasible strategy to overcome chemotherapeutic resistance.

Targeting TNF-R1
================

Due to its significant cytotoxicity for normal tissue, TNF treatment has received little attention in recent years. The use of TRAIL, which shows superior tumour killing activity without the toxic side effects associated with TNF treatment, has seemed to be much more feasible.

However, TNF does not only induce apoptosis in tumour cells but also destroys tumour supporting blood vessels and improves the permeability of the vasculature to cytostatic drugs. Therefore, if the toxic side effects linked with TNF treatment could be circumvented, *e.g.* by means of targeted TNF-activating strategies or locally limited application methods, TNF treatment may prove to be very beneficial.

Isolated limb perfusion (ILP)
-----------------------------

Since systemic administration of TNF is highly toxic, Lejeune *et al.* established a technique referred to as ILP, which facilitates local TNF administration \[[@b59]\]. ILP with TNF in combination with chemotherapeutic drugs led to complete response rates in patients \[[@b60]\] and showed improved penetrance of the cytostatic drugs melphalan and doxorubicin into tumours in animal models \[[@b61]\]. Interestingly, TNF specifically disrupts tumour supporting blood vessels while sparing normal blood vessels.

ILP was approved in Europe in 1998 for unresectable soft tissue sarcoma. It has, however, also been successfully applied in the treatment of various other local tumours.

The induction of apoptosis *via* TNF-R1 in tumour endothelial cells might not be the only reason for the success of TNF treatment *via* ILP. In ILP, TNF needs to be applied in very high doses much higher than actually needed for the saturation of TNF-R1. Therefore, signalling of TNF-R2, which has a much lower affinity for soluble TNF than TNF-R1, might also be involved in creating a maximum response of endothelial cells in ILP.

Cell surface antigen-restricted activation of TNF-based fusion proteins
-----------------------------------------------------------------------

The success of ILP provides proof of principle that TNF might potentially be used as anti-cancer treatment when administered in a locally restricted fashion. Therefore, successful TNF treatment has mainly become a matter of targeted delivery to the tumour site. One way to achieve this is to create fusion proteins in which TNF is fused to antibodies or natural ligands that specifically recognize surface proteins on tumour cells or in the tumour stroma. Soluble TNF is much less effective in inducing apoptosis than membrane bound TNF. Soluble fusion proteins will therefore only be able to efficiently induce apoptosis once they aggregate on the membrane of target cells \[[@b62]\].

The first TNF fusion protein designed by Rosenblum *et al*. was supposed to target melanoma cells \[[@b63]\]. Here, the anti-melanoma antibody ZME-018 was chemically conjugated to recombinant human TNF. This fusion protein was shown to have improved killing ability against TNF-sensitive tumour cells in culture and, more importantly, also against melanoma cells that were resistant to native TNF alone. As a consequence, the fusion protein turned out to be very effective in a xenograft model of melanoma \[[@b64]\].

Although antibodies have demonstrated great potential in targeted delivery of cytostatic cargos, there are some major drawbacks. Due to their size, treatment with antibodies suffers from rather poor distribution in the tumour and low uptake.

Therefore, the attention shifted towards the development of smaller, genetically engineered, fragments of antibodies, *e.g.* F(ab)~2~ fragments or single chain Fv (scFv) antibody fragments linked to TNF. ScFvs only contain one variable heavy chain (V~H~) and one variable light chain (V~L~) and are much smaller than whole antibodies. One of the first scFv fusion proteins was developed by Scherf *et al.*\[[@b65]\]. Here, TNF was fused to B1, an Fv antibody fragment that recognizes the Le^Y^-antigen which is expressed on the surface of tumour cells. This molecule turned out to be highly toxic only for Le^Y^-antigen expressing cancer cells *in vitro* and induced tumour regression in a xenograft model without inducing severe side effects.

To date, various TNF fusion proteins have been generated, not only using whole antibodies, F(ab)~2~ fragments or scFv, but also using recognition sites of natural ligands. Curnis *et al.* coupled TNF to the GNGRC peptide, a ligand of aminopeptidase N, which is a marker for angiogenic vessels \[[@b66]\]. Mice with established xenograft lymphomas could be cured using this approach. Recently, it has also been shown that a combination treatment of TNF-GNGRC and cisplatin, paclitaxel or gemcitabine has synergis-tic anti-tumour activity \[[@b67]\].

Several tumour antigens have been used to direct TNF fusion proteins to the tumour site, among them gp240 \[[@b68]\], EGFR (epidermal growth factor) \[[@b69]\], Her2/Neu \[[@b70]\] and single stranded DNA released from necrotic tumour cells \[[@b71]\].

Antigens targeting the fusion proteins to the tumour sites do not necessarily have to be on the surface of the tumour cell itself, but can rather be proteins of the tumour stroma. Advantages of targeting stroma proteins are that they are genetically stable, abundant and independent of tumour type. A feasible target of tumour stroma seems to be the fibroblast activation protein (FAP), which is a membrane protein of activated stromal fibroblasts present in virtually all solid tumours, but with limited expression in normal tissue \[[@b72]\].

The most advanced approach regarding TNF fusion proteins also uses FAP to target the protein to the tumour site and is referred to as TNF pro-drug. TNF pro-drugs represent an attempt to further increase the safety of systemic TNF treatment. The TNF pro-drug molecule is comprised of a single chain antibody targeting FAP, a trimerization domain, TNF and a TNF-R1 cap separated from TNF by a protease sensitive linker \[[@b62]\]. The strategy is that, to become active at the tumour site, the TNF pro-drug initially needs to be unmasked by the antibody binding to the tumour stroma and, secondly, by processing the linker peptide by tumour associated proteases to remove the TNF-R1 cap. Different recognition sites have been introduced into the linker between TNF and the TNF-R1 cap, *e.g.*for matrix metalloprotease 2 (MMP-2) which is overexpressed in some tumours \[[@b73]\]. To overcome the heterogeneity of matrix metalloprotease expression, TNF pro-drugs that are sensitive to proteolytic processing by urokinase-type plas-minogen activator were developed \[[@b74]\] as this protease has also been reported to be expressed in various tumour tissues \[[@b75]\].

The TNF pro-drug activity on antigen positive cells is almost 1000-fold higher than on antigen-negative cells and shows no systemic toxicity in mice \[[@b76]\]. It remains to be confirmed in additional animal models whether the individual pro-drugs indeed offer the possibility for systemic TNF treatment with increased biosafety.

Use of PEGylation to improve the specific anti-tumour effect of TNF
-------------------------------------------------------------------

One of the most efficient ways to improve the therapeutic potency of a cytokine is by introducing chemical modifications such as polyethylene glycol (PEG)ylation. During the process of PEGylation, the water-soluble polymer PEG is conjugated to the bioactive molecule and serves to increase the molecular size and steric hindrance, thereby reducing renal excretion and increasing the half-life. The functionality of PEGylation has already been verified for PEGylated IFN-α, which has clinically been demonstrated to possess anti-viral activity against hepatitis C \[[@b77]\].

However, the clinical application of most PEGylated proteins has not been successful yet. This is due to the fact that in most cases PEGylations are introduced randomly at lysine residues in the proteins. Some of these lysines may be located near or at the active site of the proteins, thereby reducing its bioactivity. Taking this into consideration, through the use of phage libraries Yamamoto *et al.* created a PEGylation system in which only the N-terminus of TNF was specifically PEGylated after creation of a lysine-deficient mutant of TNF (mTNF-Lys(-)) \[[@b78]\]. PEGylated mTNF-Lys(-) showed higher bioactivity *in vitro* and greater anti-tumour therapeutic potency than wtTNF. In their follow-up study the same group showed that the introduction of variations in size and branches of the PEG side chains had a significant impact on the anti-tumour activity of the TNF mutant \[[@b79]\]. Their newest PEGylated mutant molecule mTNF-K90R even possessed an *in vivo* anti-tumour therapeutic window that is 60-fold wider than that of wt TNF \[[@b80]\]. This property of PEG-mTNF-K90R makes it very attractive, especially when used in an ILP setting, in which very high doses of TNF need to be applied at the moment. However, the higher activity may also result in an increased danger in case of leakage in an ILP setting. In addition, the repeated use of non-native recombinant forms of TNF may induce the formation of a neutralizing antibody response.

Tumour targeted gene delivery of TNF
------------------------------------

Targeted gene delivery may be an attractive strategy, which is applicable to highly active yet toxic proteins such as TNF. To date, tumour-restricted non-viral and adenoviral approaches for TNF based gene therapy exist. In the non-viral approach, surface-shielded DNA delivery systems are used that possess virus-like characteristics and target gene expression into distant tumour tissue. TNF-encoding plas-mid DNA is condensed with cationic polyethylenimine (PEI) and displays high transfection efficiency in cell culture \[[@b81], [@b82]\]. These PEI/DNA polyplexes were conjugated with the cell-binding ligand transferrin to allow for receptor-mediated endocytosis. Systemic application of transferrin-conjugated PEI/DNA polyplexes led to preferential expression of TNF at the tumour site without detectable TNF serum levels \[[@b83]\]. The targeted delivery of TNF was tested in three murine tumour models of different tissue origins and resulted in growth inhibition of the tumour and, in the case of a fibrosarcoma model, even in complete tumour regression. The treatment was well tolerated without any sign of systemic toxicity associated with untargeted treatment by TNF \[[@b84]\].

In further approaches, the adenoviral system TNFerade was generated, which provides the possibility to maximize local anti-tumour activity with concomitant minimization of systemic toxicity. TNFerade is a second-generation replication-deficient adenoviral vector (E1, partial E3 and deleted E4) with a transgene encoding human TNF under control of a radiation-induced promoter, instead of a constitutive promoter. The CArG sequences within the early growth response (EGR-1) gene promoter were shown to be activated by ionizing radiation, thereby making these sequences suitable for 'genetic radiotherapy'\[[@b85], [@b86]\]. Upon intratumoral injection of TNFerade and subsequent radiation, the radio-inducible EGR-1 sequences linked to TNF cDNA ensure maximal TNF expression and secretion that is constrained by spatial and temporal parameters of focused ionizing radiation \[[@b87], [@b88]\]. Thus, TNF location is predominantly restricted to the tumour site with little TNF released into systemic circulation, therefore preventing toxic side effects. A variety of human tumour xenograft models, including prostate \[[@b89]\], glioma \[[@b90]\], laryngeal carcinoma \[[@b91]\] and oesophageal adeno-carcinoma \[[@b92]\] have proven TNFerade to induce high levels of intratumoral TNF and synergistic anti-tumour effects with radiation, even though the tumours were resistant to radiation or TNF alone \[[@b93]\].

Three toxicology studies in mice demonstrated TNFerade to be safe and well tolerated \[[@b94]\]. Currently, TNFerade is tested in differently advanced phase I, II or III studies in locally advanced pancreatic cancer, rectal cancer, melanoma, head and neck cancer, and patients with tissue sarcoma in the extremities. So far, the observed anti-tumour effects were quite promising without any dose-limiting toxicities (DLT) reported. Taken together, the results obtained with TNFerade strongly warrant additional studies in larger controlled prospective trials.

Targeting CD95
==============

Following the discovery of CD95 (Fas, Apo-1) in 1989 \[[@b95], [@b96]\], hopes were high that agonists of CD95 would become powerful novel agents for the treatment of cancer due to their strong direct apoptosis-inducing capacity. It was thought that they could be used either alternatively to or complementary to irradiation or chemotherapy. However, already in the early 1990s it was demonstrated that systemic administration of agonistic CD95 antibodies and of recombinant CD95L led to severe hepatotoxicity and subsequent death of the treated mice \[[@b10], [@b97]\]. Thus, although being the most potent physiologically occurring extracellularly triggered apoptosis system, the systemic use of agonistic CD95 antibodies or death ligands seemed to be impeded by severe systemic toxicity associated with unspecific CD95 activation. Hence, considering the use of CD95 agonists as cancer therapeutics, the problem of toxicity needs to be overcome. To date, there are several approaches that try to reinforce CD95 action at the tumour site while at the same time circumventing unwanted side effects. However, these approaches are generally still quite far from being applied in clinical trials.

Tissue-specific features of agonistic CD95 antibodies
-----------------------------------------------------

The easiest approach in order to circumvent unwanted systemic toxicity of CD95L treatment is to exploit the fact that, for reasons that are not yet understood, some CD95-targeting antibodies seem to induce tissue-specific apoptosis.

For example, the hamster antimouse CD95 antibody RK8 efficiently kills thymocytes, but does not affect hepatocytes. In contrast to this, Jo2, which is also a hamster antimouse CD95 antibody, kills thymocytes with about the same efficiency as reported for RK8, but is additionally toxic for hepatotcytes and confers systemic toxicity \[[@b98]\].

Another antibody showing tissue-specific activity is HFE7A. HFE7A has been derived by the immunization of CD95 deficient mice with human CD95 and has already been tested in many species, among them Macaca fascicularis and marmosets, without showing hepatotoxicity \[[@b99]\].

The most recent anti-CD95 antibody that shows tissue-specific activity is R-125224. This humanized anti-human CD95 monoclonal antibody was shown to selectively induce apoptosis in type I activated lymphocytes but not in type II cells, *e.g.* Jurkat cells or hepatocytes. In a SCID mouse model, R-125224 reduced the number of activated CD3^+^ cells *in vivo*. Taking into consideration that hepatotoxicity is one of the biggest problems of CD95 agonist treatment and that hepatocytes are classified as type II cells, which are not affected by R-125224, this antibody might represent a promising tool in cancer treatment \[[@b100]\].

Cell surface antigen-restricted activation of CD95L-based fusion proteins
-------------------------------------------------------------------------

The idea to create cell surface-targeted CD95L fusion proteins is based on the fact that soluble CD95L on its own has little bioactivity but becomes bioactive when bound to an extracellular matrix \[[@b101]\]. In light of this, artificial immobilization of soluble inactive CD95L in the tumour area should create bioactive CD95L, which is restricted to the tumour site. Thus, fusion proteins have been generated that contain CD95L connected to an antibody that specifically recognizes tumour cells or tumour stroma.

The first fusion protein was designed by Jung *et al.*\[[@b102]\]. The study used monomeric CD95 Fab~2~ fragments hybridized to an anti-CD20 antibody and provided proof of principle of cell-surface-targeted activation of CD95L fusion proteins *in vitro*. Two years later, the first *in vivo* study was carried out using a trimeric fusion protein, sc40-FasL, consisting of the extracellular domain of CD95L fused to a single chain antibody that specifically recognizes the tumour stroma marker FAP \[[@b103]\]. The antibody fragment recognizing FAP allows for tumour-specific immobilization of CD95L and, upon binding, converts the inactive protein into a protein with membrane-bound-CD95L-like activity. In line with this, sc40-CD95L solely induced apoptosis in FAP-expressing cells *in vitro* and intravenous injection into mice did not result in systemic toxicity. Furthermore, it was also able to inhibit the growth of FAP-expressing xenotransplanted tumours.

As FAP is highly expressed in the majority of epithelial cancers including colon cancer \[[@b104]\], the rationale of FAP-fusion to CD95 seems to be promising.

In a similar approach, Bremer *et al.*recently designed a CD95L fusion protein targeting acute T cell leukaemia \[[@b105]\]. Here, CD95L was fused to a high affinity single-chain fragment of variable regions of an antibody fragment specific for the T cell leukaemia-associated antigen CD7. CD7 expression is present in 10% of patients suffering from acute myeloid leukaemia and in experiments with lymphoblastic leukaemia cell lines and patient-derived lymphoma it could be revealed that application of the fusion protein potently induced apoptosis in CD7-expressing cells.

The most advanced approach concerning CD95L fusion proteins was made by Watermann *et al.*, who also developed the TNF pro-drug described earlier (see Section '') \[[@b106]\]. With the molecular concept of CD95L pro-drugs being basically the same as for TNF pro-drugs, the anti-tumour activity of CD95L pro-drugs in the absence of apparent toxicity is impressive.

A very recent study by Bremer *et al.*\[[@b107]\] combined soluble CD95L with Rituximab, which is a CD20-specific chimeric monoclonal antibody that activates antibody-dependent cellular cytotoxicity but also induces apoptosis by cross-linking of its target antigen CD20. However, its clinical efficacy is significantly hampered by intrinsic or acquired resistance to therapy. As recent reports indicate that the apoptotic activity of rituximab can be synergized by co-treatment with CD95L, Bremer *et al.*\[[@b107]\] designed a scFvRit:sCD95L fusion protein which potently induced CD20-restricted apoptosis in various B-cell lines and lacked systemic toxicity in nude mice.

CD95L-based gene therapy
------------------------

Targeted gene therapy is one possibility to circumvent systemic toxicity of CD95 treatment. The therapeutic potential of a CD95L-transgene expression for cancer treatment has been demonstrated by Arai *et al.* and Hedlund *et al.* in 1997 and 1999, respectively \[[@b108], [@b109]\]. Arai reported tumour regression of mouse epithelial carcinoma and colon carcinoma following the application of a CD95L-containing adenoviral vector. Hedlund demonstrated growth arrest and regression of human prostate cancer cells *in vivo*upon adenovirus-mediated expression of CD95L. However, in both settings the adenovirus was injected directly into the tumour site, which is not applicable for the majority of tumours in clinical practice. The ideal CD95L-based gene therapy should therefore be inducible and tissue specific.

One way of achieving this is to exploit physical barriers within the body that prevent the distribution of the virus throughout the body. This concept has been applied in a collagen- induced murine arthritis model. The adenovirus encoding for the CD95L was administered directly into the inflamed joint, thereby getting 'trapped' in the joint capsule. CD95L successfully induced apoptosis of synovial fibroblasts and significantly ameliorated the disease \[[@b110], [@b111]\]. However, it has to be made sure that this death-inducing protein or the virus encoding it do not leave the joint capsule in potentially toxic quantities.

Another way to enforce a local expression of adenovirally encoded proteins is the use of tissue-specific promoters which has proven to be successful, *e.g.*in neurons, glial cells \[[@b112]\] and smooth muscle cells \[[@b113]\].

The next step concerning CD95L-based gene therapy was marked by the development of not only tissue specific but also inducible systems to increase the safety of the application. Rubinchik *et al.*designed a complex adenoviral vector that can be induced by tetracycline and is under the control of the prostate-specific promoter ARR2P \[[@b114]\]. Additionally, other systems involving, *e.g.*tamoxifen-inducible constructs have been developed \[[@b115]\].

Adenoviral constructs expressing CD95L have been shown to be much more potent in the induction of apoptosis than anti-CD95 antibodies, such as CH11 or anti-APO-1. It was demonstrated *in vitro* that the inducible expression of CD95L was able to cause apoptosis in prostate and bladder cancer cells, which were resistant to CH11 treatment \[[@b116], [@b117]\]. Nevertheless, approaches have been made to amplify the apoptotic response upon adenoviral delivery of CD95L. These approaches comprise the co-delivery of CD95L and TRAIL in a complex adenoviral vector or the combined therapeutic use of adenovirus- encoded CD95L \[[@b118]\] and a small molecule inhibitor of ceramide metabolism \[[@b119]\].

Despite the progress made in the field of CD95-targeted gene therapy approaches, none of them has yet been tested in clinical trials (<http://www.wiley.co.uk/genetherapy/clinical>).

TRAIL as a target for anti-cancer therapy
=========================================

In contrast to TNF and CD95L, TRAIL selectively kills a variety of tumour cell lines while sparing the majority of normal cells from apoptosis. This unique feature among the apoptosis-inducing TNF family members makes TRAIL a promising tool for anti-cancer therapy \[[@b19], [@b20]\]. Yet, when the attention was turned from tumour cell lines to primary tumour cells it became apparent that most primary tumour cells are resistant towards the apoptosis-inducing capacity of TRAIL. However, treatment with chemotherapeutics or irradiation sensitizes many primary tumour cells to TRAIL-mediated apoptosis whereas normal cells remain mainly unaffected by these combinations \[[@b120]--[@b122]\]. In the next chapter, we will introduce different TRAIL-receptor agonists currently being developed and summarize the available data about their influence on primary tumour cells *in vitro* and their effects observed in clinical studies so far.

TRAIL-receptor agonists and their toxicities
--------------------------------------------

In order to use TRAIL-receptor agonists as anti-cancer drugs in the clinics, they require high anti-tumour activity with low toxicity for normal cells. Soluble recombinant TRAIL as well as agonistic antibodies targeting either TRAIL-R1 or TRAIL-R2 can be applied to activate the extrinsic TRAIL-mediated pathway in tumour cells.

A variety of recombinant forms of human TRAIL have been designed, each of them encoding the extracellular domain of human TRAIL. In addition, some preparations were generated that have been amino-terminally fused to distinct tags, including a poly-histidine tag \[[@b11]\], the FLAG epitope (which can be further cross-linked by anti-FLAG antibodies \[[@b123]\]) and the leucine zipper \[[@b19]\] or isoleucine zipper trimerization domain \[[@b124]\]. *In vitro*toxicity studies revealed that the ability of recombinant TRAIL to form higher-order complexes or aggregates potentiates its anti-tumour efficiency, but at least in some cases also increased the toxicity to normal cells \[[@b125], [@b126]\]. Depending on the *in vitro* culture system and recombinant preparation used, killing of primary human hepatocytes, keratinocytes and astrocytes has been described \[reviewed in [@b127]\]. However, until recently it has still been a matter of debate whether recombinant TRAIL is indeed toxic for hepatocytes *in vivo*. Ganten *et al.* demonstrated that freshly isolated primary human hepatocytes (PHH) at day 1 of *in vitro* culture were killed by highly aggregated recombinant forms of TRAIL (*e.g.* His-TRAIL, FLAG-TRAIL), whereas PHH at day 4 of *in vitro* culture, which resemble normal human liver tissue \[[@b128], [@b129]\], were TRAIL resistant \[[@b124]\]. Furthermore, whenever TRAIL was applied *in vivo*with or without sensitizing chemotherapeutic agents, no toxic effects on normal tissues could be monitored in mice, cynomolgus monkeys or chimpanzees \[[@b20]\]. These data imply that the *in vitro* toxicities observed for some recombinant forms of TRAIL are more likely to represent either cell culture artefacts or are related to the specific recombinant proteins used in these specific studies.

Since non-tagged TRAIL exhibits lower anti-tumour activity compared to tagged versions, it thereby also features the lowest potential for toxicity to normal cells \[[@b124]\]. This property may have been a factor in deciding to develop this form of TRAIL for clinical use. Leucine zipper- and isoleucine zipper-TRAIL represent an intermediate state as they on the one hand possess comparable anti-tumour activity to FLAG-TRAIL and His-TRAIL *in vitro*, but are on the other hand far less toxic than the latter, highly aggregated preparations.

In order to circumvent TRAIL-mediated killing of normal cells, new approaches similar to TNF-R1- and CD95-targeting therapies aim to selectively target TRAIL to tumour tissue by fusing it to tumour antigen-specific antibodies \[[@b130], [@b131]\].

While soluble recombinant TRAIL may bind to all TRAIL-receptors, including TRAIL-R3 and -R4, antibodies targeting TRAIL-R1 or -R2 only bind to their respective apoptosis-inducing receptor. Thus, if tumour cells were overcoming TRAIL sensitivity by expression of TRAIL-R3 and -R4 or by signalling events mediated by any of the other TRAIL-receptors which are not triggered by the respective antibody, such a TRAIL-R1 or TRAIL-R2-specific agonist would still be able to transmit the death signal despite the expression of other receptors \[[@b132]\]. However, normal cells may also no longer be safeguarded by these apoptosis-inhibitory signals and may therefore also be more sensitive to anti-TRAIL-receptor-mediated apop-tosis. Thus, on a theoretical basis, although antibodies may be associated with increased antitumoral activity, there could also be an additional toxicity, which is not conferred by soluble ligands. *In vivo* studies with several anti-TRAIL-receptor antibodies have shown that they can be used to specifically kill tumour cells. TRA-8, as an example of an agonistic anti-TRAIL-R2 antibody, was able to efficiently kill a variety of human tumour cells in mice (including astocytoma, leukaemia and engrafted breast cancer cells) without affecting normal human astrocytes, primary human hepatocytes, B cells or T cells \[[@b133], [@b134]\].

Takeda *et al.* suggested antibodies to be highly active due to cross-linking of the antibodies by Fc-receptor-expressing immune cells. In doing so, antibody cross-linking does not only enhance the anti-tumour efficiency due to formation of higher-order structures, it also contributes to the recruitment and activation of innate immune cells \[[@b135]\]. Accordingly, Uno *et al.*showed that the combination of anti-TRAIL-receptor antibodies with the two immuno-stimulatory antibodies anti-CD40 and anti-4--1BB efficiently eradicated syngenic tumours *in vivo* without any obvious toxicity to normal murine tissue \[[@b136]\]. Most probably, anti-TRAIL-receptor antibodies killed TRAIL-sensitive tumour cells. Subsequently, apoptotic tumour cells were engulfed by antigen-presenting cells, tumour antigens processed and presented to cytotoxic lymphocytes. Due to additional activation of CD40 on antigen-presenting cells and 4--1BB on T cells, an effective tumour-specific immune response was elicited that eliminated the remaining, TRAIL-resistant tumour burden. Thus, recruitment and activation of the immune system might be an advantage of an antibody-therapy over ligand-induced apoptosis.

In contrast to the short plasma half-life of recombinant ligands (˜30 min. in non-human primates), antibodies are characterized by an improved localization within the tumour site due to their significantly increased half-life (˜14--21 days). Although antibody-mediated tumour cell killing might be prolonged in patients, the risk of toxic side effects is increased at the same time. Studies directly comparing the anti-tumour efficiency and toxicity of TRAIL-R1- and -R2-specific antibodies to soluble recombinant TRAIL are still lacking today. Due to significant tumour penetration, recombinant Apo2L/TRAIL possesses high anti-tumour activity *in vivo*\[[@b137]\], indicating a possible advantage of the soluble cytokine compared to TRAIL-receptor antibodies. Moreover, despite the potential positive effects mentioned above, death receptor-targeting antibody therapies carry the risk of inducing unwanted and uncontrollable autoimmune responses due to binding of the Fc-part of the antibody to appropriate Fc-receptors on antigen-presenting cells and their subsequent activation.

To decrease possible side effects, new approaches aim to specify the activity of recombinant soluble TRAIL versions for tumour cells. Therefore, fusion proteins have been generated in which the extracellular domain of TRAIL is genetically linked to an scFv. This antibody fragment does not only induce a restricted accumulation of TRAIL at the tumour site, it at the same time contributes to a prolonged binding of TRAIL to tumour cells. A variety of scFv:TRAIL fusion proteins were generated recently, including scFvCD7:sTRAIL \[[@b105]\], scFvCD19:sTRAIL \[[@b138]\] and scFv425:sTRAIL \[[@b139]\]. All these proteins were able to efficiently kill malignantly transformed cells, while sparing normal tissue.

Taken together, these data point towards a conceivable application of distinct TRAIL-receptor agonists, including soluble TRAIL and TRAIL-receptor-targeting antibodies, as anti-cancer therapeutics in the clinic. However, one must take into account that normal cells may be sensitized to TRAIL-induced apoptosis by several patho-physiological mechanisms including inflammation and viral infections \[[@b140]\].

Responsiveness of primary tumour cells to TRAIL-mediated apoptosis
------------------------------------------------------------------

While the effect of TRAIL on several tumour cell lines has been extensively investigated \[reviewed in 76, [@b141]\], far less is known about the responsiveness of primary tumour cells to TRAIL-mediated apoptosis. Pre-clinical studies revealed that TRAIL induces cell death in otherwise chemotherapy-resistant freshly isolated human multiple myeloma cells \[[@b142], [@b143]\]. However, such an effect could not be observed upon treatment of primary B cell acute or chronic leukaemia \[[@b144], [@b145]\], acute lymphoblastic leukaemia, acute myelogenous leukaemia, acute promyelocytic leukaemia or chronic lymphocytic leukaemia cells \[[@b146]\]. For acute myeloid leukaemia, Riccioni *et al.*reported a correlation between decoy-receptor expression and TRAIL resistance \[[@b147]\]. In addition, only primary glioblastoma cells expressing the wild-type tumour suppressor gene PTEN (Phosphatase and Tensin homolog deleted on chromosome TEN) and low levels of cFLIP~S~ were TRAIL-sensitive \[[@b148]\], whereas those exhibiting a mutation in PTEN produced high levels of cFLIP~S~ and were TRAIL resistant. In contrast, all (oligo-)astrocytoma specimens of all four WHO grades of malignancy as well as isolated tumour cells from medulloblastoma, meningeoma, esthesioneuroblas-toma \[[@b120]\] and soft tissue sarcoma \[[@b149]\] were TRAIL resistant, regardless of cFLIP~S~ expression levels. In line with that, a variety of primary tumour cells from human breast, lung and colon tumour specimen were mostly TRAIL resistant \[[@b150]\], therefore, questioning the use of TRAIL as monotherapeutic anti-cancer agent. Even more strikingly, the migration and metastatic spread of TRAIL-resistant pancreatic cancer and cholangiocarcinoma cells was even enhanced *in vitro* and *in vivo* when treated with TRAIL \[[@b151], [@b152]\].

A major drawback and therefore limitation of TRAIL-based anti-cancer therapies is the need for huge amounts of recombinant, soluble TRAIL. A possible alternative to overcome this demand includes the generation of a replication-deficient adenovirus encoding human TRAIL (Ad5-TRAIL). Administration of this adenovirus at the site of tumour implantation dramatically inhibited the outgrowth of human prostate tumour xenografts in SCID mice \[[@b153]\]. While treatment with soluble, recombinant TRAIL requires consecutive applications due to its short half-life of about 30 min. \[[@b19]\], a single Ad5-TRAIL localized therapy leads to regionally high, sustained TRAIL concentrations. Although only minimal toxicity of adenoviral injections into the prostate were observed so far \[[@b154]\], more studies are required to demonstrate the safety of adenoviral systems in anti-cancer therapy.

Taken together, these results indicate that, unlike most tumour cell lines, many isolates from primary tumours, especially those from solid tumour entities are TRAIL resistant and that in some cases TRAIL treatment might even be counter-productive as it enforces malignancy. These data suggest that the therapeutic potential of TRAIL as a mono-therapeutic agent for the treatment of many types of cancer may be quite narrow. It is therefore essential to characterize each tumour specimen individually before therapy in order to categorize patients for a given TRAIL therapy based on their sensitivity profile. For this purpose, it will be important to develop biomarkers and appropriate sensitivity assays that help to identify those patients potentially benefiting from TRAIL-receptor-targeting therapies in the future \[[@b155]--[@b157]\].

Sensitization to TRAIL
----------------------

Although TRAIL-receptor agonists alone are unable to induce apoptosis in most primary tumour cells, combinatorial treatments with a variety of chemotherapeutic agents or ionizing radiation sensitize otherwise resistant tumour cells to TRAIL-mediated cell death \[[@b122], [@b124], [@b158]--[@b160]\]. TRAIL engages an extrinsic, p53-independent pathway which can bypass a Bcl-2 or Bcl-2 protein-like imposed block of mitochondrial apoptosis by directly activating a caspase cascade, whereas chemotherapeutic agents and radiation preferentially induce cell death *via* the p53-dependent intrinsic mitochondrial pathway. The synergy between chemotherapy/ radiation and TRAIL-receptor agonists does not only rely on the stimulation of different targets/pathways, but is moreover due to transcriptional changes of proteins involved in TRAIL-receptor signalling \[reviewed in [@b161], [@b162]\]. In this respect, sensitizing agents often shift the threshold of tumour cells for apoptosis by enhancing the cell\'s capability of forming the DISC by up-regulation of pro-apoptotic molecules including death receptors, caspase-8, FADD, Bax and/or Bak and by down-modulation of the expression of anti-apoptotic molecules like cFLIP~L~, IAPs, Bcl-X~L~ Mcl-1 and/or Bcl-2 \[[@b137], [@b159], [@b163]\]. [Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"} summarize the data obtained in pre-clinical studies for TRAIL in combination with different chemotherapeutics and irradiation, the proposed mechanisms responsible for sensitization to TRAIL-induced cell death and possible related toxicities. Although many studies reported up-regulation of TRAIL-R1 and/or TRAIL-R2 following co-treatment with sensitizing agents for a variety of primary tumour cells, this increase does not necessarily have to be the cause for the sensitization. In our own studies, we observed a correlation of TRAIL-R1 and TRAIL-R2 up-regulation and the sensitization by 5-FU and proteasome inhibition to TRAIL-induced cell death. However, this up-regulation turned out not to be responsible for the observed sensitization \[[@b120]\].

###### 

Combinational TRAIL treatments- Tumor cells

  Primary Tumour         TRAIL in combination with                                      Proposed mechanism                                              Reference
  ---------------------- -------------------------------------------------------------- --------------------------------------------------------------- ---------------------
  ALL                    Vincristine (microtubule inhibitor)                                                                                            \[[@b105]\]
  AML                    HDAC inhibitor                                                                                                                 \[[@b168]\]
  B-CLL                  Cycloheximide                                                  Downregulation of cFlipL                                        \[[@b171]\]
  CLL                    HDAC inhibitor                                                 Signal via TRAIL-R1                                             \[[@b166],[@b167]\]
  Colon cancer           Irinotecan, 5-FU                                               Upregulation of TRAIL-R2                                        \[[@b172]\]
  Erytholeukemic cells   Irradiation                                                    Upregulation of TRAIL-R1                                        \[[@b173]\]
  Multiple myeloma       NF-~κ~B inhibitor SN50                                         Downregulation of Bcl-2, Bfl-1, IAPs, upregulalion of Bax       \[[@b163]\]
  (Oligo-) astrocytoma   Bortezomib                                                     Upregulation of TRAIL-R1/R2, Bax/Bak Downregulation of cFlipL   \[[@b174]\]
  Pancreatic cancer      Gemtabicine, Doxorubicin, Cisplatin, Etoposide, Methotrexate                                                                   \[[@b175]\]
  Soft tissue sarcoma    Cyclophosphamide                                                                                                               \[[@b149]\]

###### 

Combinational TRAIL treatments- Normal cells

  Cultured normal cell     TRAIL In combination with                                           Toxicity   Reference
  ------------------------ ------------------------------------------------------------------- ---------- ----------------------
  Erythoblasts             Irradiation                                                         No         \[[@b173]\]
  Hepatocytes              5-FU, Gemtabicine, Irinotecan, Oxaliplatin, Bortezomib (low dose)   No         \[[@b122], [@b124]\]
  Hepatocytes              Cisplatin (high dose: 240 μM), Bortezomib (high dose: 3 μM)         Yes        \[[@b120], [@b124]\]
  Hepatocytes              HDAC inhibitor                                                      No         \[[@b169]\]
  Keratinocytes            MG115 (Proteasome inhibitor)                                        Yes        \[[@b121]\]
  Myeloid Progenitors      HDAC inhibitor                                                      No         \[[@b168]\]
  Osteoblasts              Etoposide, Cisplatin; Doxorubicin, Methotrexat, Cyclophosphamide    No         \[[@b176], [@b177]\]
  Osteoblasts              Etoposide                                                           No         \[[@b178]\]
  Osteoblasts              Cisplatin, Doxorubicin                                              Yes        \[[@b178]\]
  PBMC                     HDAC inhibitor                                                      No         \[[@b166], [@b170]\]
  Prostate stromal cells   Doxorubicin                                                         No         \[[@b179]\]

For a combinatorial therapy to be successful, it is essential that tumour cells are preferentially sensitized to TRAIL-mediated apoptosis, while normal tissue is left relatively unharmed. Although most TRAIL co-treatments did not exert any toxicity on primary human hepatocytes at day 4 of *in vitro* culture, the combination of TRAIL with high doses of the frequently used chemotherapeutic cisplatin or the proteasome inhibitor bortezomib sensitized these hepatocytes for TRAIL-induced apoptosis \[[@b122]\]. However, the bortezomib concentration necessary to sensitize hepatoma cells is about 40-fold lower than the dose required for primary human hepatocyte sensitization \[[@b120], [@b122]\]. Thus, a therapeutic window is opened allowing for co-treatment of tumour patients with TRAIL and bortezomib without severe toxicity. In contrast, normal primary human keratinocytes are sensitized to TRAIL-induced cell death even at low concentrations of the proteasome inhibitor MG115 \[[@b121]\]. Most probably, proteasome inhibition enhanced the activation of the mitochondrial pathway in these cells. Due to subsequent release of cytochrome *c*and Smac/DIABLO, the function of XIAP, which is highly expressed in primary but not in transformed keratinocytes, was antagonized and caspase-3 maturation therefore supported \[[@b121]\]. However, interestingly, the combination of a TRAIL-R-specific monoclonal antibody with bortezomib *in vivo* was not toxic and did not induce any alterations in the skin \[[@b164]\].

Histone deacetylase inhibitors represent a further class of sensitizing agents that are able to sensitize TRAIL resistant hepatoma cell lines \[[@b165]\], primary acute myeloid leukemia (ALL) and chronic lymphocytic leukaemia (CLL) cells \[[@b166]--[@b168]\] to cell death. Again, this co-treatment was not toxic to primary human hepatocytes \[[@b169]\], to normal peripheral blood mononuclear cells \[[@b166], [@b170]\] and also not to myeloid progenitors \[[@b168]\]. The exact mechanism for histone deacetylase inhibitors-mediated sensitization to TRAIL-induced apoptosis has not yet been elucidated.

Taken together, selective anti-tumour activity was induced by combinatorial TRAIL-based treatment protocols *in vitro* and *in vivo*. However, it remains to be analysed why only tumour cells are sensitized to TRAIL-induced apoptosis, with the majority of normal cells not being affected. Understanding the principles underlying the difference between transformed and healthy tissue will allow for further refinement of TRAIL-based cancer treatment strategies.

Clinical application of TRAIL-R agonists
----------------------------------------

Due to the promising pre-clinical results of TRAIL as an anti-cancer agent presented before, several companies are developing TRAIL-receptor-targeting therapeutics. These TRAIL receptor agonists (TRAs) are currently being tested in phase I and II clinical trials. To date, one recombinant ligand, one anti-TRAIL-R1, five anti-TRAIL-R2 antibodies alone or in combination with distinct chemotherapeutics and Ad5-TRAIL are being evaluated (see [Table 3](#tbl3){ref-type="table"}).

###### 

TRAIL-receptor agonists

  Company                                Treatment                                                       Developmental stage
  -------------------------------------- --------------------------------------------------------------- -----------------------------------------------------------
  **HGS**                                HGS-ETR1 (anti-TRAIL-Rl mAb)                                    **Phase II completed**: NHL, colorectal cancer, NSCLC
  HGS-ETR1 + Paclitaxel + Carboplatin    **Phase Ib**: advanced solid tumors                             
  HGS-ETR1 + Gemcitabine + Cisplatin     **Phase Ib**: advanced solid tumors                             
  HGS-ETR1 + Bortezomib                  **Phase II**: advanced multiple myeloma                         
  HGS-ETR2 (anti-TRAIL-R2 mAb)           **Phase I**: advanced solid tumors                              
  HGS-ETR2 + Chemotherapy                **Phase Ib**: advanced solid tumors                             
  HGS-TR2J (anti-TRAIL-R2 mAb)           **Phase I**: advanced solid tumors                              
  **Daiichi Sankyo Inc.**                TRA-8 (anti-TRAIL-R2)                                           **Phase I**: advanced solid tumors and lymphomas
  CS-1008 (humanized version of TRA-8)   **Phase I**                                                     
  **Novartis**                           LBY135 (anti-TRAIL-R2)                                          **Phase I/II**: advanced solid tumors
  LBY135 + Capecitabine                  **Phase I/II**: advanced solid tumors (recruiting since 2006)   
  **Genentech**                          Apomab (anti-TRAIL-R2)                                          **Phase I/II**: advanced solid tumors
  Apomab + Avastin                       **Phase II**: advanced solid tumors (initiated in 2007)         
  **Amgen**                              AMG655 (anti-TRAIL-R2)                                          **Phase I**: NSCLC, colorectal cancer (initiated in 2005)
  **Genentech/Amgen**                    Apo2L/TRAlL (soluble)                                           **Phase Ib**
  Apo2L/TRAIL + Rituximab                **Phase Ib/II**: NHL (recruiting since 2006)                    
  Ad5-TRAIL                              Phase Ia: organ-confined prostate cancer                        

Human Genome Science (HGS, Rockville MD, USA) was the first company to test a TRA in clinical trials and is currently being investigating the activity and toxicity of two fully humanized monoclonal antibodies activating TRAIL-R1 (HGS-ETR1; Mapatumumab) and TRAIL-R2 (HGS-ETR2; Lexatumumab), respectively. In pre-clinical models, both antibodies rapidly increased the activation of cell death cascades and potently induced apoptosis across a wide range of human tumour cell lines and primary cells from both solid and haematological malignancies.

So far, the activity of HGS-ETR1 could be validated in three phase II clinical studies with patients suffering from non-Hodgkin\'s lymphoma (NHL), colorectal cancer and non-small cell lung cancer (NSCLC). Around 30% of the patients enrolled in the NSCLC or CRC studies exhibited stable disease after treatment with HGS-ETR1 as monotherapy. Clinical response or stable disease was observed in 14/17 patients with NHL diagnosed with follicular lymphomas. At the same time, no DLT, even at the highest doses applied (10 mg/kg), could be noticed in these clinical trials.

In addition, phase Ib clinical studies were initiated investigating the anti-tumour effect of HGS-ETR1 in combination with different panels of chemotherapeutics. From 32 patients with advanced tumours treated in combination with gemcitabine and cisplatin, partial response was observed in 9 and stable disease in 14 patients. The observed adverse effects may be attributable to the toxicity profile associated with the concomitantly applied chemotherapeutics. Accordingly, the combination of HGS-ETR1 with paclitaxel and carboplatin induced partial response in 4/20 and stable disease in 10/20 patients analysed. DLT has been neutropenic fever (attributed to chemotherapy) and hypersensitivity (attributed to HGS-ETR1) \[[@b180]\].

The efficiency and safety of HGS-ETR1 in combination with the proteasome inhibitor bortezomib in patients with advanced multiple myeloma is currently under investigation in phase II clinical studies (study number: HGS1012-C1055).

HGS-ETR2, the TRAIL-R2-specific antibody developed by HGS, is currently evaluated in phase Ib clinical trials in combination with a variety of chemotherapeutics. In particular, the combination with FOLFIRI and doxorubicin was well tolerated and associated with the induction of tumour shrinkage and partial responses in a wide range of cancer types. However, several adverse effects including anaemia, fatigue and dehydration were related to HGS-ETR2 treatment. Nevertheless, HGS-ETR2 could be safely administered, making further evaluations in combination with chemotherapy warranted. Interestingly, pre-clinical evaluation demonstrated a complete regression of different tumour cell line xenografts *in vivo* upon combinatorial treatment with HGS-ETR2 and the Smac mimetic SM-164 (Ascenta Therapeutics, Malvern, PA, USA).

Daiichi Sankyo, Tokyo, Japan is another company developing a TRAIL-receptor agonist for the treatment of advanced solid tumours and lymphomas. TRA-8, a humanized anti-TRAIL-R2 antibody, exhibited high anti-tumour activity against astrocytoma and leukaemia cells *in vitro* and engrafted breast cancer cells *in vivo*\[[@b133], [@b134]\].

The chimeric TRAIL-R2-targeting antibody LBY135 from Novartis induces apoptosis in 50% of a panel of 40 human colon cancer cell lines with an IC~50~ of 10 nM and less. Since the *in vivo* anti-tumour activity of LBY135 has been verified in human colorectal xenograft models in mice \[[@b181]\], Novartis is recruiting patients for an open-label, multi-centre, two-arm phase I/II trial of LBY135 alone and in combination with capecitabine in advanced solid tumours (Nevada Cancer Institute, Las Vegas, NV, USA).

The fully humanized monoclonal anti-TRAIL-R2 antibody Apomab generated by Genentech (South California, CA, USA) is currently investigated in phase I and II clinical trials in solid advanced tumours. First pharmacokinetic studies have proven it to be generally well tolerated even at doses up to 20 mg/kg, yet two disparate DLTs, *e.g.*one asymptomatic transaminitis and one pulmonary embolism developed among eleven patients treated with 10 mg/kg. However, a 28% shrinkage of the target lesions and symptomatic improvement could be shown in at least 1/6 patients receiving at least four cycles of Apomab \[[@b182]\]. Accordingly, a phase II study with Apomab as monotherapy for sarcoma or in combination with Avastatin against NSCLC was initiated in 2007 and a further treatment of NHL in combination with rituximab, the CD20-targeting antibody is underway.

AMG655, another fully human antibody targeting TRAIL-R2 which is developed by Amgen (Thousand Oaks, CA, USA) is currently enrolled in phase Ib clinical studies. The anti-tumour activity of AMG655 was confirmed by partial response in NSCLC and a metabolic partial response in colorectal cancer. Although no DLTs or severe side effects have been reported so far even when administered at doses of up to 20 mg/kg every two weeks, adverse effects including fever, fatigue and hypomagnesaemia were observed in nine patients enrolled in the study. A combination of AMG655 with chemotherapy might further enhance the anti-tumour responses, making the analysis of such treatment protocols warranted.

Furthermore, Genentech and Amgen have joined forces in the development of a recombinant untagged version of human TRAIL (Apo2L or AMG951), which is currently the only ligand being evaluated in clinical trials. Phase Ib/II pharmacokinetic and safety studies in patients suffering from low-grade NHL have already proven Apo2L/TRAIL to be active and safe both, alone or in combination with rituximab, without any incidence of DLT or severe side effects. In combination with rituxibam, 10 NHL patients have been assessed with 8 responding to varying degrees \[[@b183]\].

Future perspectives
===================

Systemic TNF-R1 and CD95-targeting therapies are associated with severe side effects impeding their clinical application. However, new approaches discussed in this review aim to selectively target these death receptors expressed on tumour cells or cells important for tumour maintenance, thereby minimizing damage to healthy tissue. Although several pre-clinical studies have highlighted the ongoing progress of these approaches, most of them are still quite far from clinical applicability. In contrast, a variety of TRAIL-receptor agonists is currently being investigated in clinical trials and all of them have yielded promising results so far. Currently, the application of these agonists is restricted to tumours which are either primarily TRAIL sensitive or to tumours which can be sensitized to TRAIL-induced apoptosis by the application of currently available cancer drugs. To overcome resistance and the current limitations in the treatment of cancer it seems unavoidable to better understand the mechanisms of resistance in tumour cells.

[^1]: Both authors contributed to the work equally.
